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Granular  structure  on  the  Sun's  surface,  with  a  typical  scale 
of  1-2  Mm.  has  been  known  since  1800,  and  one  hundred  years 
ago.  with  the  first  observations  by  spectroheliograph1 !,  a  mesh-like 
bright  network  was  found  with  a  characteristic  scale  of  30  Mm 
(40").  This  pattern  was  found,  thirty  years  ago,  to  be  coincident 
with  dose-packed  convective  cells  ('supergranulation')  revealed  by 
Doppler  observations'-5  to  be  nestling  inside  the  bright  network. 
More  recently*7  an  intermediate  'mesogranular'  structure  was 
found,  with  a  characteristic  scale  of  3-10  Mm.  We  have  obtained 
a  three-hour  sequence  of  observations  at  the  Pic  du  Midi  observa¬ 
tory  which  shows  the  evolution  of  mesogranules  from  appearance 
to  disappearance  with  unprecedented  clarity.  We  see  that  the 
supergranules,  which  are  known  to  carry  along  (advect)  the 
granules  with  their  convective  motion,  also  advect  the  mesogranules 
to  their  boundaries.  This  process  controls  the  evolution  and  dis¬ 
appearance  of  mesogranules. 

The  origin  of  the  bright  network  first  seen  by  Hale'  and 
Deslandres2  was  not  explained  until  the  observation  of  convec¬ 
tive  cells  inside  the  mesh  structure.  It  was  then  argued5  that 
convection  sweeps  magnetic  flux  to  the  boundaries  of  the  cells 
and  concentrates  it  there,  enhancing  local  heating  of  the  upper 
photosphere  and  chromosphere.  A  half-hour  movie  of  the 
mesogranular  structure  made  using  the  Solar  Optical  Universal 
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Photometer  (SOUP’  instrument  on  hoard  the  198?  Spacelab  2 
space  shuttle  flight  first  revealed  the  complexity  of  the  surface 
flow  patterns,  which  are  evidence  for  suhphotosphenc  convec¬ 
tion  The  SOUP  movies  showed  that  granules  are  advected  bv 
the  larger-scale  convective  flows,  and  thus  could  he  used  as 
tracers  of  their  motions  Horizontal  flow  maps  produced  bv 
correlation  tracking  of  the  granules  confirmed  the  existence  of 
mesogranules  and  greatly  improved  our  understanding  of  the 
intimate  relation  between  supergranules  and  magnetic  strut 
lures'  Unfortunately  the  SOL  P  movie  lasted  onlv  27.?  min 
(because  of  the  day-night  cycle  of  the  space  shuttle's  equatorial 
near-Earth  orbiti.  much  less  than  the  lifetime  of  supergranules 
and  mesogranules.  and  its  spatial  resolution  was  limited  by  the 
relatively  small  size  (30  cm)  of  the  telescope  aperture  Here  we 
report  recent  observations  taken  at  the  Observatoire  du  Pic  du 
Midi  ( French  FNreneesi  with  a  50-cm  telescope,  in  a  continuous 
3-h  sequence  The  observations  are  nearly  diflraction-limited 
Unfortunately,  even  the  best  ground-based  observations  are 
blurred  and  distorted  by  'seeing'  (turbulence  in  the  Earth  s 
atmosphere i  To  remove  local  image  distortions,  sophisticated 
algorithms  have  recently  been  developed  to  align  and  destretch 
sequential  images  In  addition,  the  entire  solar  atmosphere 
oscillates  with  a  range  of  periods  centred  around  ?  min  These 
periods  are  sufficiently  close  to  the  lifetime  of  the  granulation 
pattern  (  —  10  mint  to  complicate  studies  of  convective  flows 
But  because  lhese_oscillations  have  a  well  defined  dispersion 
relation,  and  the  phase  velocity  of  the  waves  generally  is  higher 
than  the  sound  speed,  three-dimensional  Fourier  filtering  in 
space-time  is  effective  in  removing  them  from  a  movie.  After 
elimination  of  the  seeing  distortions  and  solar  wave  motions, 
local  correlation  tracking’ 10  (a  technique  for  measuring  motions 
of  the  granules)  on  the  time-series  of  images  determines  the 
horizontal  velocity  field  Because  the  majority  of  convective  flow 
patterns  visible  at  the  surface  are  horizontal,  measurements  with 
the  commonly  used  Doppler  technique  are  ineffective,  and  local 
correlation  tracking  provides  the  only  method  for  the  study  of 
such  motions  near  the  centre  of  the  solar  disk.  This  procedure 
yields  the  average  velocity  of  the  intensity  pattern  inside  the 
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tracking  window  (whose  full  width  at  half  maximum  is  usually 
1-3  Mm.  and  thus  represents  the  motion  of  2-10  granules). 

The  data  were  collected  on  film  with  a  camera  that  took  bursts 
of  frames  every  20  s.  They  w  ere  obtained  on  20  September  1 988, 
in  a  70"  x  100"  area  of  the  Sun  near  disk  centre.  A  67“x67" 
portion  of  the  best  frame  from  each  burst  is  first  digitized  using 
a  1,024  x  1 .024  digital  CCD  camera  and  then  destretched,  space- 
time  filtered,  and  correlation  tracked.  Because  of  solar  rotation, 
each  of  the  digitized  images  covers  a  slightly  different  area,  thus 
our  analysis  is  restricted  to  an  area  of  58"x48"  common  to  all 
the  frames  The  extremely  high  quality  of  the  images  is  confirmed 
by  the  appearance  of  numerous  network  bright  points  (NBPsI 
which  are  only  visible  when  the  resolution  is  0.3"  or  better.  The 
NBPs  are  relatively  short-lived  bright  areas  in  the  surface  which 
are  cospatial  with  magnetic  flux  tubes"  ",  and  can  thus  be  used 
to  infer  the  locations  of  magnetic  structures  in  an  image  of  the 
surface  In  Fig.  la  we  show  a  70'  x  50"  section  of  one  of  these 
granulation  images  and  identify  several  of  the  prominent  NBPs 
bv  three  converging  short  lines  (Such  photos  contain  many 
small  transient  bright  features,  NBPs  are  defined  to  be  those 
with  lifetimes  exceeding  7  min.l 

In  Fig  lb  we  show  the  flow  vectors  derived  from  correlation 
tracking  a  58'  x  48'  portion  of  Fig  la  All  the  NBPs  observed 
during  the  first  20  min  of  the  observing  sequence  are  superposed 
on  the  vector  plot  The  outer  rectangle  delineates  the  3rea 
included  in  Fig  la  The  NBPs.  which  extend  beyond  the  digit¬ 


ized  area  of  the  image,  and  the  flow  vectors  permit  us  to  outline 
roughly  the  boundary  of  a  supergranule,  shown  as  a  hand-drawn 
oval.  The  supergranule  is  -30  Mm  (40')  across.  We  identify 
mesogranules  as  the  centres  of  diverging  flow  vectors  (sources I 
in  Fig.  lb.  We  have  calculated  the  effect  of  the  flow  vectors  on 
an  initially  uniform  distribution  of  ‘corks'  (test  particles  used 
to  simulate  magnetic  flux  tubes),  and  confirm  earlier  results* ' 
that  all  corks  eventually  end  up  in  the  supergranular  network, 
many  of  them  at  or  near  the  observed  NBPs  Cork  patterns 
calculated  from  velocity  maps  separated  by  2-3  hours  are  almost 
unchanged  on  the  scale  of  t  =upergranule  during  this  time 
interval. 

At  the  smaller  scale  of  mesogranules,  however,  these  patterns 
are  very  different  after  two  hours,  implying  considerable  changes 
in  the  mesogranulation.  To  study  the  characteristics  of 
mesogranule  evolution  during  the  three  hours  in  more  detail, 
we  show  in  the  left  column  of  Fig.  2  four  flow  maps  averaged 
over  17  min  at  54-min  intervals.  (The  averaging  time  must  be 
long  enough  to  reduce  measurement  noise  but  short  compared 
to  mesogranule  lifetimes.)  The  velocity  vectors  v  =  (i,,  r,  I  are 
superposed  on  a  grev-scale  image  of  the  divergence  V  = 
di\/6x  computed  from  these  flows.  Bright  areas  (where 

the  vectors  point  outward,  that  is.  diverge  I  correspond  to 
sources;  in  the  dark  areas  (sinks),  arrows  point  inward  (con 
verge i.  In  the  right  column  of  Fig  2  is  a  two-level  contour 
map  of  the  divergence  The  levels  displayed  were  chosen  to 


FIG  1  a  Tyoicai  image  c(  soia'  granuia'.'O"  oDtameO  ir  tr-s 
hig*-auaii!v  3-n  data  set  o‘  ?C  Seotemoe-  1988  Area  is 
70'  >  50'  Converging  lines  point  to  examples  o#  NBDs  'see 
text)  0  Flow  vectors  in  a  58'  x  48'  section  o'  trie  larger  area 
o'  a  (outer  rectangle!  Line  marvs  suoergranule  boundary 
biac*  (Jots  are  loci  of  NBPs 
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correspond  to  the  brightest  and  darkest  features  in  the  grey-scale 
images.  Many  of  the  positive  divergence  contours  (solid  lines) 
represent  mesogranules.  The  dashed-line  contours  are  in  regions 
of  converging  flows.  These  form  a  more  connected,  linear,  pat¬ 
tern  than  do  the  positive  contours.  The  supergranule  boundary 
clearly  lies  largely  in  such  converging  regions.  The  58"  x  48"  area 
covered  by  Fig.  2  is  exactly  cospatial  with  the  vector  map  of 
Fig  lb.  Time  increases  from  top  to  bottom.  We  have  labelled 
10  mesogranules  in  Fig.  2  to  describe  more  easily  v  arious  aspects 
of  their  evolution.  Mesogranules  2,  5,  II,  16,  22  and  26  all 
illustrate  our  most  interesting  new  result:  the  advection  of 
mesogranules  toward  the  supergranule  boundary.  This  motion 
is  evident,  especially  when  the  mesogranules  are  located  away 
from  the  supergranule  centre  The  translational  velocities  range 
from  zero  to  0.7  km  s_i,  with  a  mean  velocity  of  0. 3-0.4  km  s_l. 


This  is  consistent  with  the  horizontal  velocity  of  supergranules 
obtained  from  Dopplergrams'.  Asymmetry  in  the  vector  pattern 
also  suggests  a  mesogranular  flow  toward  the  boundary  velocity 
arrows  are  longer  on  one  side  of  the  mesogranules,  indicating 
motions  towards  the  supergranular  boundary.  There  are  5-10 
well  established  diverging  regions  in  this  portion  of  the  super 
granule  cell  at  any  time,  so  that  the  entire  supergranule  contains 
perhaps  a  dozen  such  outflows.  Visual  inspection  suggests  two 
types  of  mesogranular  motion:  those  mesogranules  such  as  I 
that  form  near  the  supergranule  centre  move  randomly ,  w  hereas 
those  that  emerge  closer  to  a  supergranule  boundary  drift 
towards  that  boundary,  when  they  reach  it,  they  collapse  and 
disappear  Examples  of  disappearance  are  15,  16  and  22, 
whereas  mesogranules  3,  9  and  11  appear  during  the  run  On 
average,  two  of  these  sources  appear  or  disappear  each  hour  in 


FiG  ?  Let:  coiunv-  veiocfi  ve:::': 
superposed  or  grev-scaie  '"•.ag^s  c‘ 
tne  flow  divergence  at  W-rnr  r-esb ; 
f  iring  tne  sequence  Rigri  co 
tours  of  the  Divergence  n:\,oe 
examples  of  mesogranuie  evoi-t'O'  at 
descnoed  in  the  lev.  Same  55  >  45 
area  as  in  Fig  1C  r^na-draw  imes 
again  show  txsunoary  o*  Supe' g' ar„  t 
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the  area  studied,  and  four  of  the  labelled  mesogranules  ( I,  2,  5 
and  261  are  present  throughout  the  run.  Results  from  this  small 
data  sample  imply  a  mesogranule  lifetime  of  ~3  h.  As  some 
mesogranules  suffer  premature  deaths  when  they  collide  with 
the  supergranule  boundary,  their  intrinsic  lifetimes  may  be 
somewhat  longer'4.  A  close  look  at  the  four  vector  images  in 
Fig.  2  shows  that  the  predominant  arrow  pattern  near  the  super¬ 
granule  boundary  represents  a  long-lived  flow  toward  that  boun¬ 
dary.  one  that  hardly  changes  in  three  hours.  In  fact  it  is  well 
known'  that  the  supergranule  lifetime  is  about  a  day  or  longer 
Although  we  have  illustrated  our  results  with  only  four  time 
steps,  the  actual  analysis  involved  a  detailed  study  of  78  such 
images  made  every  two  minutes  over  the  3-h  sequence 

The  mesogranular  pattern  is  thus  more  dynamic  and  irregular 
than  that  of  supergranules  Pan  of  this  difference  is  due  to  the 
shorter  lifetimes  and  smaller  sizes  of  the  mesogranules,  but  most 
of  it  probable  results  from  fluctuations  of  their  flow  fields  due 
to  exploding  granules1'  (bright  granules  that  develop  a  dark 
centre  and  then  expand  radially  as  a  bright  annulus  until  they 
burst  into  fragments)  within  them,  horizontal  advection  by 
the  supergranular  flows,  and  finally  their  collisions  with  the 
supergranule  boundary  W  hat.  then,  is  the  nature  of  the  meso- 
granulation'1  It  has  been  suggested  recently  ""  that  granules  and 
supergranules  are  the  two  basic  scale-  in  the  Sun  s  convection 
zone,  whereas  the  me-ogranules  occur  as  transient  secondary 
feature-  within  the  -upergranule.  similar  to  convection  pattern- 
observed  in  the  laboratory 1  and  in  theoretical  model-1 
Our  analy  si  -  of  the  P'c  du  Midi  mov  ie  has  rev  ealed  a  hierarchy 
of  advecting  convective  flow  pattern-  at  the  surface  of  the  Sun 
We  have  confirmed  that  granule-  move  in  the  flow  fields  of 
mesogranule-  and  have  discovered  that  the  me-ogranule-.  in 
turn,  are  udvected  bv  the  still-larger  supergranules  -\-  thi- 
pattern  of  motion-  evolve-  with  time  in  a  st  :i-ticallv  random 
fa-hion.  it  drag-  along  bit-  of  magnetic  flux  mat  appear  at  the 
Sun  -  surface  Thi-  diflu-ion  proce--  first  concentrate-  the  flux 
into  the  -upergranular  network’  1 ’.  but  a-  the  -upergranule- 
them-elve-  evolve  over  duv-  and  weeks,  mugneti-  field  will  be 
redistributed  over  much  larger  regions  of  the  Sun  In  conjunction 
with  the  Sun's  poleward-moving  meridional  velocity  field,  thi- 
mechanism  may  be  partially  re-pon-ible  for  large  -cate  magnetic 
field  transport  over  the  Sun  dunng  the  -olar  cycle' 

Recent  kinematic  modelling'  of  the-e  motion-  ha-  consider¬ 
ably  clarified  our  understanding  of  the  relativ  e  role-  of  granules, 
exploding  granules,  mesogranules  and  -upergranule-  in  the 
evolution  of  solar  surface  flow  patterns,  but  to  understand 
these  phenomena  in  detail  will  require  theoretical  modelling 
of  three-dimensional  compressible  convection,  j  difficult  area 
in  which  considerable  progress  is  now  bv  mg  made  "  J  The  Sun 
continue-  to  be  a  unique  laboraiorv  for  the  sludv  of  magneto- 
convection  7 
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